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inconsistent. In the present study, a meta-analysis was performed using published cohort studies and un-published data from the Swedish Twin Registry (STR). Twenty-five studies were included: four STR cohorts (12,083 individuals with 2517 deaths) and 21 published studies. In the STR studies, one standard deviation (SD) decrement of leukocyte TL corresponded to 13% increased all-cause mortality risk (95% confidence interval [CI] : 7%-19%); individuals in the shortest TL quarter had 44% higher hazard (95% CI: 27%-63%) than those in the longest quarter.
Meta-analysis of all eligible studies (121,749 individuals with 21,763 deaths) revealed one SD TL decrement-associated hazard ratio of 1.09 (95% CI: 1.06-1.13); those in the shortest TL quarter had 26% higher hazard (95% CI: 15%-38%) compared to the longest quarter, although between-study heterogeneity was observed. Analyses stratified by age indicated that the hazard ratio was smaller in individuals over 80 years old. In summary, short telomeres are associated with increased all-cause mortality risk in the general population. However, TL measurement techniques and age at measurement contribute to the heterogeneity of effect estimation.
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Introduction
Telomeres are repetitive noncoding DNA components (TTAGGG in vertebrates) located at the end of chromosomes to protect from degradation of coding sequences (Blackburn et al., 2006) .
The telomeres shorten each time a cell divides because of the end replication problem, but also by oxidative stress, and lengthened by the enzyme telomerase and DNA exchange during mitosis (Blackburn et al., 2015) . Telomerase is a reverse transcriptase enzyme responsible for elongating the telomeres to main their function. Most somatic cells in adult organisms do not express telomerase, which is active only in germ cells, during embryogenesis, in adult stem cells, and in activated immune cells (Kim et al., 1994) . In addition, telomeric DNA is capped by a shelterin protein complex to protect from all aspects of DNA damage response and several forms of double-strand break repair (Aubert and Lansdorp, 2008; de Lange, 2018; Zhang et al., 2016) .
The functional status of telomeres depends upon both the stability of the telomeric nucleoprotein structure and its length. In adult somatic cells, the absence or insufficient amount of telomerase results in telomere length (TL) attrition which is associated with aging (Aubert and Lansdorp, 2008; Bekaert et al., 2004) . Moreover, disruption of the shelterin can uncap telomeres and induce cellular senescence (Liu et al., 2018; Zhang et al., 2016) . It is hence proposed that both TL shortening and shelterin disruption are causes of cellular senescence (Liu et al., 2018) .
Telomere shortening can be influenced by genetic factors (e.g. single nucleotide polymorphisms [SNPs] in the OBFC1, TERT and TERC genes important for telomeric maintenance), epigenetic factors, and other factors such as sex, body mass index, ethnicity, paternal age at birth, inflammation level, tobacco smoking, alcohol consumption, and physical activity (Blackburn et al., 2015; Codd et al., 2013; Mather et al., 2011) . Moreover, A C C E P T E D M A N U S C R I P T socioeconomic and lifestyle factors alco contribute to linear-individual variation in TL (Shiels et al., 2011) .
Telomere attrition has been widely reported to be associated with increased morbidity and mortality of various age-related diseases (Forero et al., 2016; Haycock et al., 2014; Lin et al., 2015; Scheller Madrid et al., 2016; Wentzensen et al., 2011; Zhu et al., 2016) . Cawthon et al. (Cawthon et al., 2003) reported for the first time that telomere shortening contributed to all-cause mortality based on a study of 143 unrelated Utah residents aged 60-97 years. More recently, Rode et al. (Rode et al., 2015) used the largest study so far (n = 64,637) to demonstrate that short telomeres were associated with a higher risk of all-cause mortality. Although several other studies reported an association of TL with all-cause mortality, there is a substantial variability among the findings of these studies due to the different TL measurement techniques and the varying age, sex, and ethnicity of the study participants (Bendix et al., 2014; Carty et al., 2015; Mons et al., 2017) . To this end, we aimed to perform a meta-analysis of the association of TL with all-cause mortality, taking advantage of both previously published results from cohort studies of the general population and un-published original data from the Swedish Twin Registry (STR).
Methods

Data from the Swedish Twin Registry
We assessed the association of leukocyte TL with all-cause mortality using un-published data from four STR cohorts: GENDER, SATSA, TwinGene, and TwinGene_MZ (Finkel et al., 2003; Gold et al., 2002; Magnusson et al., 2013) . In total, 12,083 participants with 2517 deaths were included in this analysis. Other details of the STR cohorts are presented in Supplementary A C C E P T E D M A N U S C R I P T material S1. All participants provided written informed consent and the study was approved by the Ethical Review Board in Stockholm, Sweden (DNR 2015/1729-31/5).
Published literature search and selection
We searched all relevant studies published through 26 September 2017 in the PubMed and Embase databases. The following key words and Medical Subject Headings were used:
("telomere length" or "leukocyte telomere length" or "telomere shortening") and ("mortality" or "survival" or "death"). A flowchart depicting the article search procedure is shown in the Supplementary material S2. References in the published papers were also scrutinized. We limited the search to studies of humans published in English. We did not further limit the studies by specimen for TL measurement. We excluded conference literature and gray literature produced at all levels of government, academics, business, and industry in print and electronic format, but not controlled by commercial publishers. Published studies were eligible if 1) the study was based on prospective data collection; and 2) relative risk estimates (e.g., hazard ratio [HR] ) and the corresponding 95% confidence intervals (CIs) of all-cause mortality were reported. For publications using the same cohorts, we included the most recent and complete studies with greater number of participants.
Data extraction
Two investigators (QW and YZ) independently performed eligibility evaluation, data extraction, and quality assessment of each eligible study. All disagreements were discussed and resolved by consensus. The following data were extracted from each study: surname of the first author, publication year, study location, sex, and age range of the study population, follow-up duration, number of participants, number of deaths, TL assessment platform, TL categories (e.g., thirds,
quarters, fifths, and tenths), HRs and corresponding 95% CIs of all-cause mortality for each TL category, and covariates that were adjusted for in the analyses. If multiple estimates of the studied association were available, we used the estimate with adjustment for the greatest number of covariates. Due to the generally normal distribution of TL, an approach recommended by Chêne and Thompson was used to extrapolate the normal distribution of TL from categorical values (Chene and Thompson, 1996) . Hence, the originally reported risk estimates of all-cause mortality were transformed into a consistent form of TL change of either per standard deviation (SD) decrease or across the TL quarters in our study, regardless of the original unit of change.
Statistical analysis
TL was initially z-transformed for standardization. Cox proportional regression modeling was performed for each of the STR cohorts. We adopted two models adjusting for batch effect of TL measurement, baseline age (i.e., age at the time of blood sampling) and sex in model 1, and additionally adjusting for education and body mass index (BMI) in model 2. Smoking status was also included in model 2 in the TwinGene and TwinGene_MZ cohorts. Results from model 2 of the four cohorts were then meta-analyzed using a fixed-effect model. A meta-analysis of the 21 published studies in combination with the STR cohorts was also performed. TL was used as both a continuous variable, where we reported the change of all-cause mortality per SD decrement of TL, and as a categorical variable, where we reported the change of all-cause mortality comparing the shortest TL quarter to the longest TL quarter. Statistical heterogeneity among studies was evaluated using Cochran's Q test and I 2 statistic (Higgins et al., 2003 
Results
Association between TL and all-cause mortality in the STR study
Characteristics of the STR cohorts are shown in Supplementary material S1 (Table S1 ). After adjusting for age, women had on average longer TL than men. The pooled HR (95% CI) of allcause mortality per one SD decrement of TL was 1.10 (1.04-1.16) after adjusting for age and sex, and remained similar after additionally adjusting for education, BMI, and smoking status 1.13
(1.07-1.19) ( Table 1) . Greater risk of all-cause mortality was also found when comparing the shortest TL quarter to the longest TL quarter, after adjusting for age and sex ( Table 2 ). The latter association disappeared however after further adjusting for education, BMI, and smoking status.
3.2
Association between TL and all-cause mortality in the meta-analysis of the STR cohorts in combination with published studies
Characteristics of all studies, including the four STR and 21 published studies, are shown in (Dean et al., 2017) . Conditional logistic regression was used in their study, estimating the TL and all-cause mortality association in multivariable odds ratio (OR), which empirically has a similar meaning and value to a hazard ratio obtained by Cox regression (Essebag et al., 2005) . Hence, we included this study in our meta-analysis. Out of the 25 studies, 21 used quantitative PCR and four used SB for TL measurement. Participants of 15 studies were of European ethnicity, eight of US diverse ethnicities, and three of Asian ethnicity.
The results of the meta-analysis per SD decrement of TL are shown in Fig.1 . The pooled HR obtained from a random-effect model was 1.09 (95% CI: 1.06-1.13, I 2 = 64.4%, Cochrane Q P < 0.001). The corresponding funnel plot ( Fig. 2 ) and Egger's test (t = 0.11, P = 0.913) indicated that no publication bias was found. A random-effect model was used for the meta-analysis of allcause mortality of the shortest versus the longest TL quarter. Compared to the longest TL quarter, the shortest TL quarter had a 26% increased risk of all-cause mortality (95% CI: 1.15-1.38, I 2 = 63.9%, Cochrane Q P < 0.001) (Fig.3 ). The funnel plot (Fig.4 ) and Egger's test (t = 0.03, P = 0.979) were not statistically significant.
Results of subgroup analyses
The results of subgroup analyses by sex, age, ethnicity, mean follow-up time, TL measurement technique, and covariate adjustments are shown in Table 4 . The overall association was slightly stronger in men (HR = 1.10, 95% CI: 1.06-1.13 per SD TL decrement), compared to women (HR
.06, 95% CI: 1.03-1.09), although the difference was not statistically significant. A similar pattern was noted when comparing the shortest to the longest TL quarter (HR = 1.27, 95% CI:
1.16-1.38 in men and HR = 1.18, 95% CI: 1.10-1.27 in women).
Participants were stratified into three age groups: 1) young-old group (less than 75 years), 2)
old age group (75-80 years), and 3) oldest-old group (over 80 years). The HRs (95% CIs) of the young-old group were 1.09 (1.06-1.13) per SD TL decrement and 1.28 (1.16-1.40) comparing the shortest to the longest quarter. The HRs (95% CIs) were similar in the old age group:
HR=1.12 (1.03-1.21) per SD TL decrement and 1.26 (1.03-1.55) comparing the shortest to the longest quarter. The associations were weaker in the oldest-old group: HR=1.02 (1.01-1.04) per SD TL decrement and HR=1.06 (1.02-1.10) comparing the quarters.
Subgroup analysis by average follow-up time split at 10 years revealed almost identical results, either per one SD TL decrement (HR = 1.09 for both) or when comparing the shortest to the longest TL quarter (HR = 1.24 and 1.27 respectively).
Studies using SB as TL measurement technique reported slightly stronger associations (HR=1.14 per SD decrement of TL and HR = 1.30 for the quarters), compared to those using PCR (HR = 1.09 and 1.25, respectively).
Stratified meta-analysis by number of covariates included revealed similar TL-associated allcause mortality hazards across the four stratifications (with HR ranged from 1.08 to 1.11 per SD decrement, and from 1.21 to 1.28 comparing the shortest to the longest quarter).
As the TL measurement technique contributed to the between-study heterogeneity, we repeated the subgroup analyses by sex, age, ethnicity, and mean follow-up time, restricted to the studies that used PCR and found similar results (Supplementary material S1: Table S2) .
Furthermore, a meta-analysis was performed in the European ethnic populations only (US population with European ancestry included), which was the only ethnic group with large enough sample size. In this analysis, there was a 6% increased all-cause mortality risk (95% CI: 1.02-1.10) per SD TL decrement and a 20% increased all-cause mortality risk (95% CI: 1.10-1.31)
comparing the shortest to the longest TL quarter.
Discussion
In this paper, we conducted a meta-analysis of published results and previously un-published data from the Swedish Twin Registry to analyze the association between TL and all-cause mortality.
We found that shorter leukocyte TL was associated with an increased risk of all-cause mortality, although some between-study heterogeneity was observed. We found no ground for publication bias based on funnel plot inspection and Egger's regression test results. The magnitude of the association of TL and all-cause mortality was similar for the youngest groups (<75 years and 75-80 years), but weaker for the oldest old (over 80 years). Subgroup analyses demonstrated that TL measurement technique, sex, age, ethnicity and the number of covariates included contributed to the between-study heterogeneity to some extent.
The results of our STR cohorts were similar in effect sizes compared to several earlier studies (Dean et al., 2017; Fitzpatrick et al., 2011; Marioni et al., 2016; Rode et al., 2015) , but slightly weaker than those reported by others (Bakaysa et al., 2007; Batsis et al., 2018; Cawthon et al., 2003; Honig et al., 2012) . The association decreased slightly but remained statistically significant when putting all data from the published studies and STR together.
Women have on average longer telomeres and life expectancy compared to men of the same age (Barrett and Richardson, 2011; Gardner et al., 2014) . Our STR study further confirmed the
sex difference in TL, which was also observed in the GENDER study composed only of opposite sex twin pairs (Supplementary material S1: Table S1 ). Several plausible biological mechanisms have been proposed to explain the phenomenon. First, estrogen may stimulate the production of telomerase and may be protective against reactive oxygen species damage (Aviv, 2002) .
Estrogens and their derivatives exert an antioxidant effect by scavenging free radicals, inhibiting free radical formation and stimulating enzymes engaged in radical detoxification (Massafra et al., 2000; Mooradian, 1993; Sack et al., 1994) . They can also stimulate telomerase activity as an estrogen response element is present in a promoter of the catalytic subunit of the enzyme (Kyo et al., 1999) . In addition, estrogens have been shown to stimulate the phosphointositol 3-kinase/Akt pathway, which contributes to enhanced telomerase activity (Kang et al., 1999; Simoncini et al., 2000) . Second, the heterogametic sex hypothesis suggests that any deleterious recessive alleles on the X chromosome of the heterogametic sex (men in humans (XY)) have no compensatory allele, unlike in women where the second chromosome could compensate (Austad, 2006) . Hence, shorter telomeres in men may arise if the unguarded X chromosome in men contains inferior telomere maintenance alleles (Barrett and Richardson, 2011) . Third, men have a faster rate of telomere attrition than women although there is no difference of TL at birth (Bekaert et al., 2007; Chen et al., 2011; Okuda et al., 2002) . However more recent studies reported controversial findings suggesting that men may indeed be born with shorter telomeres than women, whereas men do not have faster telomere attrition rates than women (Berglund et al., 2016; Factor-Litvak et al., 2016) . The longer telomeres may on the other hand be a reason for the overall lower risk of age-related diseases and consequently longer lifespan of women compared to men. Nevertheless, our meta-analysis results demonstrated similar hazard of TL on overall mortality risk in women compared to men, with overlapping CIs.
The association of TL with all-cause mortality seemed to vary by age. Several studies have reported that the oldest old have lower hazard of telomere attrition-associated all-cause mortality increment compared to younger individuals (Bischoff et al., 2006; Cawthon et al., 2003; MartinRuiz et al., 2005) . The same conclusion comes from the present meta-analysis. Survival bias (or survivor effect) may exist when studying older cohorts, especially when including the oldest old (Bischoff et al., 2006; Martin-Ruiz et al., 2005) . As individuals with shorter baseline TL are more susceptible to age-related diseases and at higher risk of disease-specific and overall mortality, these individuals have smaller chances of participating in studies of older adults (Astrup et al., 2010; Martin-Ruiz et al., 2006; Njajou et al., 2009; Weischer et al., 2013; Willeit et al., 2010; Zhan et al., 2015) . This implies that studies of the oldest old may comprise a narrower distribution of TL measurements shifted towards the longer telomeres, hence with less power for statistical inference (Mather et al., 2011) .
Moreover, a decrease in immune surveillance in the oldest old, for whom the relatively preserved innate immune response overrides the significantly deteriorated adaptive immune response referred to as immune-senescence, is seen (Franceschi et al., 2000) . The immune system is highly sensitive to telomere shortening as its function depends strictly on cell renewal and clonal expansion of T-and B-cell populations. The adaptive immunity deteriorates with age due to progressively decreased naïve T and B cells and declining absolute numbers of T and B lymphocytes (Sansoni et al., 1993) . Telomeres shorten as T lymphocytes differentiate from naïve to memory T cells (Lin et al., 2010; Rufer et al., 1999; Weng, 2002) . Some T cells can actually reach the end stage of replicative senescence, particularly by old age. Similar to T cells, B cells also exhibit telomere shortening with age although at a slower rate than T cells (Son et al., 2003; Son et al., 2000; Weng et al., 1997) . Hence, the low levels of lymphocytes, leading to imprecise
estimates of TL in the oldest old may also be a contributing factor to the weaker association seen for TL and mortality in this sub-group.
Furthermore, as inflammation is an age-related process and has been linked to TL shortening, its role in the association of TL and mortality needs to be further discussed. An increased production of pro-inflammatory cytokines and mediators, as the consequence of the comparatively maintained innate response and the more altered adaptive immune response, is typical in older persons and presents a chronic, sterile, and low-grade inflammation known as "inflamm-aging" (Franceschi et al., 2000; Fulop et al., 2017; Jurk et al., 2014; Prasad et al., 2012) , which is associated with leukocyte TL in major pathologies (Jose et al., 2017; Kaszubowska, 2008) . Hence, the age-related leukocyte TL shortening may be a consequence of the chronic inflammation induction of leukocyte proliferation (Liu et al., 2018; Zhang et al., 2016) . NF-kB, the major driver of inflammatory signaling, has been reported in several processes that regulate telomere maintenance and telomerase activity (Jurk et al., 2014) . Moreover, the systemic chronic inflammation can accelerate aging via ROS-mediated exacerbation of telomere dysfunction and cell senescence, possibly due to the oxidative damage to the binding ability of shelterins (Fumagalli et al., 2012; Hewitt et al., 2012; Opresko et al., 2005; Sun et al., 2015; von Zglinicki, 2002) . Leukocyte TL is also associated with inflammatory makers such as TNFα, IL6
and C-reactive protein, further underscoring the role of inflammation in telomere shortening and aging (O'Donovan et al., 2011) . We infer that successful aging (with a greater proportion in the oldest old compared to the young old) characterized by more preserved immune parameters and better "inflamm-aging" may contribute to the age variations in the association of TL and allcause mortality (Fulop et al., 2017; Salvioli et al., 2013; Terry et al., 2008) .
In addition, the above mentioned mechanisms related to inflammation and immune system may underlie the association of short TL with age-related diseases like cardiovascular diseases (Julin et al., 2015; Seow et al., 2014) . This view has gained support from genetic analyses, where genetically predicted short TL carriers have an increased risk of cardiovascular diseases (Codd et al., 2013; Haycock et al., 2017; Scheller Madrid et al., 2016; Zhan et al., 2015) . In contrast, longer telomeres have been reported as a risk for some cancers (Haycock et al., 2017; Iles et al., 2014; Machiela et al., 2017) . Therefore, the power of leukocyte TL as an aging biomarker is limited by the TL tradeoff for different age-related diseases and may have implications for allcause mortality analyses.
Time of follow-up did not modify the association between TL and all-cause mortality. This may in part be attributable to the long follow-up periods of all involved studies, leading to an absolute number of deaths above 100 for all cohorts and a proportion of death of more than 5% (e.g., the lowest at 5.9%) (Cawthon et al., 2003; Woo et al., 2008) . To examine this further, we studied the STR cohorts limiting the analysis to the first five years of follow-up, but the results
did not change markedly (Supplementary material S3).
There are currently two mainstream TL measurement techniques, the SB method and quantitative PCR method. The SB measurement provides the size of enzymatically cleaved telomere fragments, estimating TL in absolute terms (Harley et al., 1990) . It is relatively insensitive, requires a large amount of DNA, may not detect very short telomeres, and includes a variable amount of subtelomeric sequence due to genetic variation within this sequence (Baird, 2005; Cawthon, 2002) . However, in addition to mean TL, the SB method can also provide some information about TL distributions-proportions of terminal restriction fragment lengths (TRFLs)-within a specimen consisting of diverse telomere origins (e.g., blood with diverse (Mather et al., 2011) . It has also been suggested that estimates of the shortest telomeres are more informative than measures of the mean TL (Kimura et al., 2008) , and the shortest telomere is a better determinant of senescence (Hemann et al., 2001; Samper et al., 2001 ). The quantitative PCR method, which provides TL in a relative T/S ratio, does not provide information about TL distributions. However, the quantitative PCR method has the advantage of requiring relatively small amounts of DNA and is more amenable to high throughput techniques (Mather et al., 2011) . The two methods do not always find comparable results in epidemiological studies, which has been discussed elsewhere (Aviv, 2008) . Although numerous studies have used the quantitative PCR method, further improvement in its precision is still needed (Aubert and Lansdorp, 2008). In our study, the association of TL with all-cause mortality was slightly stronger in the studies where SB measurement was used. The variations in these two methods likely contributed to the between-study heterogeneity of the meta-analysis, hence measurements with greater precision may ensure a better power.
The additional stratification analyses revealed similar all-cause mortality hazards across the different covariate adjustments. The results indicated that age and sex are two the most important covariates for the TL and all-cause mortality associations. After that, further adjustments make little or no difference to the mortality predictions. However, the additional effects may be masked by heterogeneity between studies and may be of greater importance for estimates in single studies.
The main strength of our study is the large meta-analysis conducted. Because of the large sample size we were able to show consistent results and to test several sub-groupings and stratifications. There are also some limitations worth mentioning. First, our meta-analysis revealed moderate to large between-study heterogeneity, with TL measurement technique as one
main concern. The commonly used methods to measure TL in large epidemiological studies are sensitive to protocol deviations and are often associated with higher measurement error.
Therefore, even when consistent and of high quality, the results produced by different laboratories may not be easily compared. If the variability in TL is high, statistical power is reduced and the ability to detect significant differences in TL is reduced. Minimizing measurement error in TL measurements should therefore be a priority for research on telomeres (Mather et al., 2011) . Second, most of the included studies were based on populations of European ancestry. Because ethnic differences in the association of TL with mortality has been reported in earlier studies, the ethnicity of the individuals may have influenced the pooled metaanalysis results (Carty et al., 2015; Needham et al., 2015) . However, as we found very similar results when restricting the meta-analysis only to studies based on populations of European ethnicity, this concern was largely alleviated. Regardless, ethnicity-specific associations of TL with all-cause mortality need to be addressed specifically for people of non-European ethnicity in the future. Another limitation of this study is that we did not have the possibility to investigate how different cell-types used for TL assessment may alter the association between TL and mortality risk. All studies involved in this meta-analysis used leukocytes for TL measurement.
Leukocytes consist of different subsets of cells, namely lymphocytes, monocytes and granulocytes (neutrophils, basophils and eosinophils). Hence, leukocytes comprise multiple lineages and sub-lineages with differing TLs across diverse cell subsets (Aubert et al., 2012; Aubert and Lansdorp, 2008; Rufer et al., 1999) . One upside is that an individual with a long (or short) leukocyte TL has invariably long (or short) TLs in the majority if not all normal somatic cells (Aviv and Shay, 2018) . The mean leukocyte TL, influenced by the frequency of the different leukocyte subsets, represents TL in different leukocyte lineages and somatic cells although strong correlations in TL across somatic tissues in adults (e.g., leukocytes, muscle, skin,
fat, etc.) have been reported previously (Blackburn, 2000; Daniali et al., 2013; Deelen et al., 2014; Kimura et al., 2010; Sabharwal et al., 2018) . Furthermore, telomere shortening is just one mechanism to 'uncap' telomeres. Senescent cells harboring dysfunctional telomeres, which are recognized by persistent telomere-associated DNA damage foci, accumulate even in tissues of aging mice with long telomeres, suggesting that telomere dysfunction may contribute to agerelated decline in tissue function and regeneration during normal aging of mice (Jurk et al., 2014) .
Conclusions
In summary, leukocyte TL shortening is associated with increased risk of all-cause mortality in the general population. Age at measurement is important for the hazard estimation, especially in the oldest old where the prediction is weaker. In addition, the precision of the TL measurement technique matters for the estimation of the hazard. 
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